SUMMARY
INTRODUCTION
It is becoming increasingly evident that deterministic structural analysis methods will not be sufficient to properly design critical structural components for upgraded Space Shuttle Main Engines (SSME). Structural components in the SSME are subjected to a variety of complex, severe cyclic and transient loading conditions including high temperatures and high temperature gradients. Most o f these are quantifiable only as best engineering estimates. These complex loading conditions subject the material to coupled nonlinear behavior which depends on stress, temperature, and time. Coupled nonlinear material behavior is nonuniform, is very difficult to determine experimentally, and perhaps impossible to describe deterministically. In addition critical SSME structural components aye relatively small. Fabrication tolerances on these components, which in essence are small thickness variations, can have significant effects on the component structural response. Fabrication tolerances by their very nature are statistical. Furthermore the attachment of the components to the structural system generally differs by some indeterminant degree from that which was assumed for designing the component. In sumnary, all four fundamental aspects -(1) loading conditions, (2) 
COMPOSITE LOAD SPECTRA
The main thrust of the composite load spectra (CLS) contractual effort is to develop generic probabilistic models for the various individual loads, their probable combinations for the select SSME components and attendant computer codes (refs. 2 and 3). The tasks of the contractural effort are summarlzed in figure 3. The type of available Information to aid in the development of the generic probabilistic models is summarized in table 1 for the high pressure fuel turbopumps (HPFTP) blade. Limited but typical measured data for comparable information is shown in figure 4. The logic chart for analyzing and reducing test or flight measured data is shown in figure 5. The types of individual loads identified to date for four SSME components are sumnarized in table 2 where the source for obtaining data for these individual loads is also shown. tions at least nine individual load conditions.
As can be seen in this table each component is subjected to combinaThe generic probabilistic models for each of the individual loads consist of 4 parts: (1) a steady state load, (2) a periodic load, (3) a random load, and (4) a local spike. Each of thesa parts is formally described with a mean and a variance or a standard deviation. The shape of each part is determined using three different probabilistic distributions. Three probabilistic methods are also used for the phasing of these four parts into a single probabilistic load model. condition will be sufficient to realistically represent present and anticipated individual loading conditions. The shape of each of the four parts is described parametrically with undetermined coefficients. are selected by combinations of known data, computationally simulated data, and Information provided by experts.
It is believed at this time that the four parts for each load
These coefficients
The generic model for the time phasing (or combination) of the individual loads into the composite load spectra is also formulated using three probabilistic methods. The formulation Is based on combinations o f limited known/ anticipated data (of the type shown in fig. 4 for example), information estimated by experts, and largely on the probabilistic synthesis of probabilistically occurring events. The rationale for using various levels of progressive sophistication of probabilistic models for both the individual loads and the composite load spectra is to "balance" the uncertainties associated with the various estimates used in the formulations of these models. The models are then validated/adapted by using appropriate structural analyses, and assessing the resulting structural responses. The selection of the structural analyses to be used is obtained from point design information which is either known or computationally simulated by using expert opinions. Structural analyses of these types are also used to determine the reliability and the respective level o f confidence for the composite load spectra to be applied to a specific component.
There are four important considerations in the development of each model: ( 1 ) the ability o f the model to handle nonstandard distributional forms, (2) the treatment of nonstationary processes, (3) the handling of physical dependencies in the model, and (4) the ability of the method to operate efficiently so that it will be able to be included in an expert system computer code. The structure for each probabilistic generic model has a distribution fitting routine for the individual loads with a barrier crossing method,. Discrete Probability Distribution (DPD) method, and a Monte Carlo method for the combined and composite load models. stationary load processes into stationary processes is also included in the model so that the barrier crossing techniques can be used for a broader spectrum of problems. function representing the frequency of the various load levels occurring, all forms of load shape curves can be handled including nominal (rectangular pulse), periodic, periodic over nominal, and random over nominal. The case of spike (transient) loads occurring is handled with a simulation method, or, if A transformation method for changing nonBecause these models are based on the probability density
EXPERT SYSTEM COMPUTER CODE
The i n t e g r a t e d computer code f o r t h e composite load spectra i s an execut i v e l y d r i v e n modular software system t h a t w i l l i n c o r p o r a t e t h e various i n d i vi d u a l and composite l o a d spectra models. This code i s configured as an "expert system". Modules i n t h i s code w i l l c o n t a i n t h e various p r o b a b i l i s t i c models w i t h data dependent c o e f f i c i e n t s and/or f u n c t i o n s and w i t h t h e i n c r e a s i n g l e v e l s of s o p h i s t i c a t i o n w i t h respect t o p r e d i c t i o n r e l i a b i l i t y and confidence l e v e l . Associated w i t h these models a r e g u i d e l i n e s t o s e l e c t t h e c o e f f i c i e n t s and f u n c t i o n s i n t h e generic models t o achieve a s p e c i f i e d p r e d i c t i o n r e q u i r ement. t o c o n s t r u c t s p e c i f i c load spectra, j u s t i f i e s embedding these models i n an i n t e g r a t e d software system configured as an expert system t h a t can advise users i n t h e employment o f t h e generic load models. t e c h n i c a l core o f t h e f i n a l i n t e g r a t e d system w i l l be an i n t e r a c t i v e e x p e r t system t h a t w i l l : (1) c o n s t r u c t s p e c i f i c load spectra models based on user supplied d e s c r i p t i o n s o f t h e component and t h e load environment; ( 2 ) 
incorpor a t e t h e p r o b a b i l i s t i c models so as t o enable a dialogue between t h e system and t h e user which w i l l h e l p t h e user s e l e c t t h e best model parameters f o r h i s problem; and ( 3 ) be a b l e t o describe t h e process o f c o n s t r u c t i n g a s p e c i f i c load spectra model, i n c l u d i n g decisions made by t h e e x p e r t system and t h e r a t i o n a l e f o r those decisions. The key features o f t h e code a r e summarized i n f i g u r e 7.
The p o t e n t i a l complexity and t h e e x p e r t i s e i n h e r e n t i n generic models The code i s being developed i n f o u r incremental versions.
The expert system i s being configured so t h a t s p e c i f i c simulated load spectra models are b u i l t by accessing a knowledge base o f f a c t s and r u l e s . The knowledge base contains a module o f decision-making data ( f a c t s ) and a module o f r u l e s and d e c i s i o n c r i t e r i a ( r u l e s ) f o r c o n s t r u c t i n g t h e load spectra model. A l l numerical r e s u l t s needed t o c o n s t r u c t t h e s p e c i f i c load spectra model w i l l be computed o r r e t r i e v e d a u t o m a t i c a l l y by t h e expert system. knowledge base and the i n f e r e n c e mechanisms needed t o search t h e knowledge base w i l l be developed as p a r t o f t h i s p r o j e c t . They w i l l be s t r o n g l y dependent upon t h e p r o b a b i l i s t i c generic load spectra models and engine component loading. A schematic o f the s t r u c t u r e o f t h e e x p e r t system i s shown i n f i g u r e 8.
The
The expert system i s being constructed t o e a s i l y accommodate a d d i t i o n s and d e l e t i o n s t o the knowledge base. This allows t h e expert system t o "get smarter" and t o adapt t o new i n f o r m a t i o n , b o t h i n t h e t e s t and v a l i d a t i o n stage o f each code version and i n t h e expansion of t h e expert system t o i n c o r p o r a t e f u t u r e models i n t h e l a t e r versions o f t h e code. The e x p e r t system i s i n t e ra c t i v e t o a l l o w t h e system t o query and guide t h e user as t o t h e system operat i o n (e.g., required u s e r ' s i n p u t ) . The knowledge base and i n f e r e n c e mechanism i s being designed t o minimize redundant data requests from t h e system t o the user. The software system i s modular i n conformance w i t h modern p r o g r a m i n g p r a c t i c e . The source program i s w r i t t e n i n t h e FORTRAN language i n order t o assure a stand alone and p o r t a b l e code.
PROBABILISTIC STRUCTURAL ANALYSIS METHODS (PSAM)
The focus o f t h e PSAM c o n t r a c t u a l e f f o r t ( r e f s . 4, 5, and 9 t o 21) i s t o develop a n a l y s i s methods and computer programs f o r p r e d i c t i n g t h e p r o b a b i l i s t i c response of c r i t i c a l s t r u c t u r a l components f o r c u r r e n t and f u t u r e space prop u l s i o n systems. This methodology w i l l p l a y a c e n t r a l r o l e i n e s t a b l i s h i n g Increased system performance and d u r a b i l i t y . t h e development o f a p r o b a b i l i s t i c f i n i t e element code f o r t h e p r o b a b i l l s t i c s t r u c t u r a l a n a l y s i s o f t h e s e l e c t SSME components. The computer code being developed i s NESSUS (Numerical Evaluation o f Stochastic S t r u c t u r e s Under Stress). I t i s based on t h e I n t e g r a t i o n o f e x i s t i n g technologies ( f i g . 9).
The i n i t i a l a c t i v i t y o f PSAM i s
The development o f t h e NESSUS code i s scheduled t o take 3 years. F i r s t year e f f o r t s i n v o l v e t h e f o r m u l a t i o n o f t h e p r o b a b i l i s t i c a n a l y s i s s t r a t e g y and t h e development o f a p r o b a b i l i s t i c l i n e a r a n a l y s i s code. The u l t i m a t e goal o f t h e 3-year program i s t h e development o f a f i n l t e element code capable o f performing n o n l i n e a r dynamic a n a l y s i s o f s t r u c t u r e s having s t o c h a s t i c m a t e r i a l p r o p e r t i e s , geometry, and boundary conditions and subjected t o random l o a d i n g ( f i g . 10).
Three l e v e l s o f s o p h i s t i c a t i o n are pursued f o r t h e s t o c h a s t i c d e s c r i p t i o n o f t h e s t r u c t u r a l problem namely:
Level 1: Homogeneous random v a r i a b l e f o r s t i f f n e s s , mass, damping, and e x t e r n a l l o a d i n g
Level 2: Stochastic c h a r a c t e r i z a t i o n o f v a r i a b l e s a t t h e element l e v e l , w i t h s p e c i f i e d interelement c o r r e l a t i o n s Level 3: Stochastic i n t e r p o l a t i o n o f v a r i a b l e s w i t h i n a f i n i t e element
Two a l t e r n a t i v e p r o b a b i l i s t i c analysis methods a r e being developed, a l l o w i n g f o r a l l t h r e e l e v e l s o f modeling s o p h i s t i c a t l o n . These t w o methods are:
( 1 ) A p r o b a b i l i t y i n t e g r a t i o n method, p r o v i d i n g a d i r e c t estimate o f the r e l l a b l l l t y o f t h e s t r u c t u r a l c o n f l g u r a t i o n under study.
( 2 ) A s i m u l a t i o n method, p r o v i d i n g t h e means t o v e r i f y t h e r e s u l t s obtained w i t h method 1.
The f i n i t e element l i b r a r y o f NESSUS i s shown i n f i g u r e 11 together w i t h t h e p e r t u r b a t i o n v a r i a b l e s and t h e processors.
NESSUS s t a t u s i s b r i e f l y described below t o i l l u s t r a t e PSAM-type o f computat i o n a l simulation. The problem chosen I s a curved s h e l l representing a.HPFTP blade. The f i n i t e element model f o r t h i s s h e l l -b l a d e c o n s i s t s o f 48 b i l i n e a r s h e l l elements, 63 nodes, and 378' o f freedom. The s h e l l i s loaded w i t h random pressure and temperature f i e l d s . t h e surface b u t a r e s p a t i a l l y c o r r e l a t e d through an exponential decay f u n c t i o n . For pressure, t h e c o r r e l a t i o n was assumed strong i n t h e spanwise and weak i n t h e chordwise d i r e c t i o n s . The opposite was assumed t r u e f o r t h e temperature f i e l d .
A dernonstratlon problem o f t h e These f i e l d s have a constant mean value over
The o t h e r random v a r i a b l e s were s h e l l thickness and s t i f f n e s s a t t h e base. The thickness v a r i a b i l i t y could come from manufacturing processes, w h i l e base stiffness variatlons may arise from normal assembly procedures. Proper definition of boundary conditions as reflected in the base stiffness may not be well defined and could be a major source of uncertainty in a structural analysis. This would be especially true for an eigenvalue analysis where natural frequency is the critical response variable.
Randomness was included in the elastic modulus and coefficient of thermal expansion of the material by assuming they were deterministic functions of temperature. assumed to be stochastic. The distributions, their means and coefficients of variation for the random variables, were not taken to represent a particular SSME material, structure, or operating environment. They were selected as being representative of what might be expected. variations for the base stiffness factor and the pressure reflect the greater uncertainty these random variables are expected to have in actual service.
this analysis the only limitation on the choice of distributions is that the temperature and pressure fields were taken to be normal. 
VARIATIONAL THEORY FOR PROBABILISTIC FINITE ELEMENTS
A small but Important part of the probabilistic structural analysis methodology is the development of variational principles for formulating probabilistic finite elements. This part is considered to be fundamental and is pursued under a grant (refs. 6 to 8) which focuses on embedding the probabilistic aspects in a variational formulation. A variational approach to probabilistic finite elements enables it to be incorporated within standard finite element methodologies. Therefore, once the procedures have been developed, they could easily be adapted to existing general purpose programs. The variational basis for these methods enables them to be adapted to a wide variety of structural elements and to provide a consistent basis for incorporating probabilistic features in many aspects of the structural problem: (1) displacements, (2) boundary conditions, (3) body forces resulting from acceleration loads and, (4) any other features that cannot be clearly established. For example, the well known dilemna as to whether a shell is clamped or simplysupported at a boundary, could also be treated more rationally by using a probabilistic distribution for this boundary condition. this research effort is summarized below.
Relevant progress of A methodology has been completed which can embed t h e p r o b a b i l i s t i c d i s t r ib u t i o n of t h e c o n s t i t u t i v e p r o p e r t i e s and loads (i.e., m a t e r i a l u n c e r t a i n t i e s and l o a d u n c e r t a i n t i e s ) w i t h a f i n i t e element v a r i a t i o n a l approach. The corresponding p r o b a b i l i s t i c d i s t r i b u t i o n o f t h e elemental nodal forces i s assembled i n t o a d e s c r i p t i o n o f t h e p r o b a b i l i s t i c d i s t r i b u t i o n o f t h e nodal f o r c e s f o r t h e complete model. t o these u n c e r t a i n t i e s i s then determined e f f i c i e n t l y . t h i s approach i s t o i n c o r p o r a t e t h e p r o b a b i l i s t i c d i s t r i b u t i o n s , as r e f l e c t e d i n t h e variance, o f t h e m a t e r i a l p r o p e r t i e s and t h e l o a d i n g c o n d i t i o n s t o o b t a i n t h e corresponding variances i n t h e elemental nodal forces o f t h e f i n i t e element model. On t h e basts o f t h e variance i n t h e elemental nodal forces, t h e variance i n t h e f i n a l s o l u t i o n i s determined i n t h e usual d e t e r m i n i s t i c solut i o n procedures. The appropriate mean s t r u c t u r a l response due
The basic concept of
E f f i c i e n t numerical algorithms were developed f o r o b t a i n i n g t h e probabil i s t i c s e n s i t i v i t y element matrices which r e f l e c t t h e e f f e c t s o f randomness on response v a r i a b l e s such as displacements, stresses, e t c . The randomness i s due t o t h e preassigned p r o b a b i l i s t i c d e s c r i p t i o n s o f t h e m a t e r i a l p r o p e r t i e s and loads. A p i l o t computer code was completed. S o l u t i o n s obtained u s i n g t h i s code have been compared t o t h e Monte Carlo methods and t h e Hermite Gauss Quadrature i n t e g r a t i o n schemes. The c o s t o f the new method i s s u b s t a n t i a l l y lower. This was demonstrated w i t h a ten-bar p r o b a b i l i s t i c n o n l i n e a r system where t h e random v a r i a b l e s a r e t h e y i e l d stresses. p r o b a b i l i s t i c a n a l y s i s may o f f e r s i g n i f i c a n t savings and warrant f u r t h e r i n v e s t i g a t i o n . together w i t h some r e p r e s e n t a t i v e r e s u l t s . E x p l o i t a t i o n o f t h i s c h a r a c t e r i s t i c i n any A f l o w c h a r t o f t h e p i l o t computer code I s shown i n f i g u r e 13 PROBABILISTIC STRUCTURAL ANALYSIS OF SSME TURBOPUMP BLADES A p r o b a b i l i s t i c study has been i n i t i a t e d in-house a t NASA Lewis Research Center ( r e f . 7 ) . The f i r s t o b j e c t i v e of t h i s study i s t o evaluate t h e geometric and m a t e r i a l p r o p e r t i e s tolerances on t h e s t r u c t u r a l response o f turbopump blades. During t h i s study, a number o f important p r o b a b i l i s t i c vari a b l e s have been i d e n t i f i e d which are considered t o a f f e c t t h e s t r u c t u r a l response of t h e blade. I n a d d i t i o n , a methodology has been developed t o stat i s t i c a l l y q u a n t i f y t h e i n f l u e n c e o f these p r o b a b i l i s t i c v a r i a b l e s i n an optimized way. The i d e n t i f i e d variables i n c l u d e random geometric and m a t e r i a l p r o p e r t i e s p e r t u r b a t i o n s , d i f f e r e n t loadings and a p r o b a b i l i s t i c combination of these loadings. Influences o f these p r o b a b i l i s t i c v a r i a b l
e s a r e q u a n t i f i e d by e v a l u a t i n g t h e blade s t r u c t u r a l response. The s t r u c t u r a l response v a r i a b l e s i n c l u d e n a t u r a l frequencies, maximum stress a t t h e r o o t , stage weight and t i p displacements. Geometric and m a t e r i a l p e r t u r b a t i o n s have been conducted f o r an SSME blade using a s p e c i a l purpose code based on f i n i t e element a n a l y s i s . The geometric p e r t u r b a t i o n s which simulate the n a t u r a l p e r t u r b a t i o n s under o p e r a t i n g and/or f a b r i c a t i o n conditions, a r e generated by randomly p e r t u r b i n g t h e x, y, and z coordinates o f a l l the nodes o f t h e f i n i t e element mesh. The m a t e r t a l p e r t u r b a t i o n s were generated by randomly p e r t u r b i n g t h e m a t e r i a l prop e r t i e s o f a l l f i n i t e elements. These p e r t u r b a t i o n s represent i n p a r t m a t e r i a l v a r i a t i o n r e s u l t i n g from t h e f a b r i c a t i o n process, and/or any o t h e r l o c a l i r r e g u l a r i t i e s .
Probabilistic models have been developed to predict the structural response by perturbating means and variances. abilistic models based only on the significant variances have also been developed. In addition, probability distributions for the structural response have been developed. These distributions provide an assessment of variation in the structural response for selected geometric and material properties perturbations. These provide an estimate of the probability of getting a certain response for a given input. Statistical tests and methods were used to check the developed models. tests indicated that the developed models are good fits. T-tests were used to identify the significant variances of perturbations. autocorrelations of residuals were used to check the goodness-of-fit tests.
Since means are not significant, prob- Steady s t a t e -h i g h t r a n s i e n t -l o w Low I n p u t t o s t r u c t u r a l a n a l y s i s as values, l i m i t cases o r d u t y c y c l e I n p u t t o s t r u c t u r a l a n a l y s i s as l i m i t cases o r d u t y c y c l e I n p u t t o f o r c e d v i b r a t i o n a n a l y s i s , Campbell diagram l i m i t s I n p u t t o s t r u c t u r a l a n a l y s i s S e n s i t i v i t y a n a l y s i s o r i n c i d e n t i n v e s t i g a t i o n aLow f r e q u e n c y and t r a n s i e n t Random C e n t r i f u g a l Temperature S t r u c t u r a l v i b r a t i o n T r a n s i e n t Chugging ( t r a n s i e n t ) Tubul ence NASA Lewis Research Center i s c u r r e n t l y developing p r o b a b i l l s t l c s t r u c t u r a l a n a l y s i s methodology f o r s e l e c t Space S h u t t l e Main Engine (SSME) components. This methodology consists o f t h e f o l l o w i n g program elements: (1) composite l o a d spectra, ( 2 ) p r o b a b i l i s t i c s t r u c t u r a l a n a l y s i s methods, (3) p r o b a b i l i s t i c f i n i t e element theory -new v a r i a t i o n a l p r i n c i p l e s , and ( 4 ) p r o b a b i l i s t i c s t r u c t u r a l a n a l y s i s a p p l i c a t i o n . The methodology has l e d t o s i g n i f i c a n t t e c h n i c a l progress i n several important aspects o f p r o b a b i l i s t i c s t r u c t u r a l a n a l y s i s . The program and s i g n i f i c a n t accomplishments t o date a r e summarized i n t h i s paper. 
